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ABSTRACT 


The  NRL  Rough  Road  Simulator  is  a  device  for  determining  the  resis¬ 
tance  of  military  equipments  to  damage  by  the  mechanical  environments 
arising  from  ground  transportation.  Rough  terrain  Is  simulated  by  pre¬ 
senting  a  contoured’  surface  moving  at  controlled  speed  to  the  wheels  of 
a  tuthered  vehicle  which  provides  the  appropriate  mechanical  interface 
between  the  terrain  and  the  equipment  under  test.  The  output  motions 
generated  at  the  machine-equipment  interface  are  of  &  quasi-random, 
vibratory  nature,  and  consist  of  the  rigid-body  motions  of  the  vehicle 
and  its  suspension  system  and  the  elastic  motions  of  the  vehicle's 
structure. 

The  measurement  and  analysis  instrumentation  system  for  such  motions 
must  extend  the  capability  of  a  random  vibration  instrumentation  system 
to  very  low  frequences,  and  in  addition  possess  a  high  dynamic  range 
capability,  since  collisions  between  adjacent  structural  components  of 
the  vehicle  may  produce  local  motions  of  a  shock-like  nature.  A  suitable 
instrumentation  system  has  been  assembled,  and  has  provided  a  representa¬ 
tive  description  of  the  output  motions  generated  by  the  Rough  Road  Simul¬ 
ator  and  the  Influence  on  them  of  variations  in  some  of  the  test  conditions. 

The  output  motions  studied  were  those  produced  with  a  Type  M35  6x6 
truck  as  the  tethered  vehicle.  Acceleration  waveforms  were  recorded  at 
various  points  of  the  truck's  cargo  space  for  several  equivalent  truck 
speeds,  and  with  dead-weight  loads  approximating  its  full  rated  capacity 
(5,000  lb),  half  of  rated  capacity,  and  without  load.  Data  are  presented 
in  terms  of  power  spectral  densities  and  rms  acceleration  to  permit  compar¬ 
ison  of  the  motions  at  the  various  locations  and  to  indicate  how  the  motions 
themselves  and  the  relationships  between  them  are  altered  by  changes  in  equiv¬ 
alent  truck  speed  and  payload. 


PROBLEM  STATUS 

This  is  the  final  report  on  this  phase  of  the  problem. 


PROBLEM  AUTHORIZATION 

NRL  Problem  F03-02 
NRL  Problem  F02-13 

Project  RR009-03~4.'i~4754 
Project  SF013-10-05-1I655 
Project  SF013-10-05- 11658 


ii 


List  of  Figures 


1.  Schematic  of  truck  cargo  space,  showing  relationship  of  measure¬ 
ment  locations  to  truck  body  structure.  The  positions  of  the  load 
segments  (when  used)  are  shaded. 

2.  Photograph  of  the  truck  cargo  space  in  the  full  load  configuration. 

The  total  load  is  4522  lb.  The  transducer  package  is  shown  at  Location 
L.  Note  cutout  to  permit  access  to  location  32. 

3.  Block  diagram  of  measurement  system.  The  acceleration  channel 
shown  is  one  of  three,  the  drum  speed  channel  one  of  two.  Acceler¬ 
ation  channel  calibrations  were  inserted  behind  the  charge  amplifiers, 
the  charge- to-voltage  transfer  coefficient  of  the  charge  amplifiers 
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4.  Block  diagram  of  analysis  system. 

5.  RMS  acceleration  levels  measured  at  each  speed,  averaged  over  all 
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cal  component  (V) ,  and  the  average  rm^  resultant  of  the  individual  sets 
of  longitudinal,  transverse  and  vertical  components  (R).  A:  zero  load, 

B:  half  load,  C:  full  load. 

6.  RMS  resultant  accelerations  at  each  measurement  location,  averaged 
for  all  speeds.  RMS  resultants  are  derived  as  the  rms  value  of  the  rms 
accelerations  found  in  the  three  component  directions.  The  height  of 
the  bar  plotted  at  each  measurement  location  is  proportional  to  the 
average  rms  resultant  acceleration,  whose  value  (in  g)  is  noted  at  the 
top  of  each  bar.  The  average  of  these  values  for  each  row  and  column 
are  shown  by  the  vertical  lines  at  the  ends  of  the  row  and  column 
markers.  A:  zero  load,  B:  half  load,  C:  full  load, 

7.  Vertical  component  spectral  densities  at  the  various  measurement 
locations  at  an  equivalent  speed  of  5  m/h  with  zero  load.  Effective 
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Loc.  33,  J:  Loc.  41,  K:  Loc.  42,  L.  Loc.  43, 

8.  Spectral  densities  of  component  accelerations  at  location  23  for 
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62.5- 300  Kz.  A:  Longitudinal,  5  m/h;  B:  Transverse,  5  m/h;  C: 
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Vertical,  10  m/h;  G:  Longitudinal,  20  m/h;  H:  Transverse,  20  m/h: 

1:  Vertical,  20  a/h. 
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9.  Vertical  component  spectral  densities  in  the  vicinity  of  the 
load  at  speeds  of  5  and  20  m/h  with  zero  loan,  half  lead  and  full 
load.  Effective  analysis  filter  baadvidths  are:  0.25  Hz,  2-12.5  Hz; 
1.25  Hz,  12.5-62.5  Hz;  6.25  Hz,  62.5-300  Hz.  A:  Loc.  22,  Zero  Load, 
5  m/h;  B:  Lor  LL,  half  load,  5  m/h;  C:  Loc.  L,  full  load,  5  m/h; 

D:  Loc.  22,  zero  load,  20  m/h;  E.  Loc.  LL,  half  lead,  20  m/h; 

F:  Loc.  L,  full  load,  20  m/h. 
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INTRODUCTION 


Military  requirements  for  electronic  (and  other)  equipments  demand 
reliable  operation  in  spite  of  a  variety  of  severe  environmental  condi¬ 
tions.  One  of  the  more  damaging  mechanical  environments  to  which  equip¬ 
ments  will  be  subjected  arises  from  handling  and  transport  in  combat 
areas,  which  may  entail  hasty  loading  into  any  available  vehicle  followed 
by  rapid  progress  over  assorted  unprepared  surfaces.  One  method  of  testing 
an  equipment's  ability  to  withstand  such  treatment  is  to  load  it  into  a 
selected  vehicle  and  transport  it  about  a  prepared  test  track  providing  a 
controlled  variety  of  rough  surfaces.  i  addition  to  its  expense  and  in¬ 
convenience,  this  procedure  has  the  major  weakness  that  the  test  severity 
is  limited  by  the  motion  tolerance  of  the  driver,  since  a  level  of  sev¬ 
erity  which  seems  intolerable  on  the  test  track  may  well  be  regarded  as 
highly  desirable  on  the  battle  field.  The  ability  to  expose  equ^oments 
to  transportation  environments  in  the  testing  laboratory  by  use  of  an 
appropriate  testing  machine  is  thus  a  distinct  advantage  because  of  the 
more  realistic  test  severities  which  may  be  obtained,  as  well  as  allowing 
transportation  testing  to  be  oerformed  in  the  same  facility  which  performs 
other  mechanical  environmental  testing.  To  this  end  machines  have  been 
developed  In  an  attempt  to  imitate  the  melon  of  a  vehicle's  cargo  space. 
These  imitations  have  little  in  common  with  the  actuality,  although  these 
machines  have  been  useful  and  provide  a  reasonable  test  environment  for 
some  types  of  test  package  (Ref.  1). 

A  a tudy  group  was  formed  to  consider  the  problem  of  s  more  appropri¬ 
ate  test  machine,  and  reported  favorably  on  the  feasibility  of  tethering 
a  test  vehicle  to  a  device  featuring  powered  bumpy-surfaced  drums  as  e 
facsimile  of  rough  terrain.  Dimensional  adjustments  would  permit  a  vari¬ 
ety  of  vehicles  to  be  attached  and  the  test  severity  could  be  controlled 
by  the  speed  of  rotation  of  the  drums  and  by  adjustr.ent  of  the  profiles 
of  the  bumps  upon  them*.  A  machine  such  as  this  was  constructed  and  in¬ 
stalled  at  NRL  in  I960,  and  has  been  described  elsewhere  (Ref.  4,5). 

In  order  to  permit  a  test  procedure  to  be  specified  it  is  necessary 
that  the  characteristic?  of  the  motions  developed  in  the  teat  vehicles  by 
this  machine  be  known  and  compared  to  those  found  in  real  life.  (Ref. 6, 7). 
The  ultimate  machine  outputs  of  concern  are  thr  cargo  space  motions  of 
the  various  vehicles.  These  outputs  will  be  afiected  by  the  nature  of 
the  vehicle,  its  general  condition,  its  load  and  load  reactions,  and  the 
point  at  which  motion  is  measured  as  well  as  b'*  the  controlled  parameters 
of  the  test  machine  itself.  It  is  thus  improbable  chat  a  given  set  of 
operating  conditions  for  the  test  machine  will  provfie  satisfactory  out¬ 
puts  for  all  vehicle,  or  for  a  given  vehicle  with  various  tut  packages, 
or  for  a  given  vehicle  and  test  package  at  different  times. 


*A  more  recent  approach  is  to  fit  long-stroke  hydreulic  force  generators 
to  the  wheels  of  the  test  vehicle,  with  the  advantage  that  programming 
is  done  electronically  (Ref.  2,3). 


1 


The  motions  which  nust  be  measured  and  analyzed  are  characterized 
by  a  more  or  less  random  waveform  of  wide  dynamic  range  and  involving 
components  over  a  bioad  range  of  frequencies.  Such  a  motion  may  be 
said  to  be  composed  of  a  vibration  constituent  (due  to  the  suspension, 
tires,  etc.)  and  a  shock  constituent  (from  bumping  of  structural  members, 
etc.).  The  instrumentation  system  used  t~  measure  such  motions  thus 
must  be  a  hybrid  of  s'"»tems  used  for  either  normal  shock  or  vibration 
waveforms.  It  must  combine  the  sensitivity  and  low  noise  level  of  a 
vibration  measuring  system  with  the  dynamic  range  and  frequency  response 
of  a  shock  measuring  system;  the  system  used  for  analysis  requires  an 
even  greater  range  of  frequency  response  than  that  of  most  shock  analysis 
systems . 

Description  of  the  NRL  Rough  Road  Simulator 

As  Installed,  the  NRL  Rough  Rc >d  Simulator  consists  of  two  pairs 
(right  and  left)  of  33  1/2-in  diameter  by  30-in  wide  drive  drums  and 
a  tethering  arrangement.  The  test  vehicle  is  tethered  so  that  the 
wheels  which  underlie  its  cargo  space  are  supported  by  the  drive  drums, 
any  additional  wheels  simply  resting  on  the  floor  of  the  laboratory. 

The  spacing  between  the  fore  and  aft  members  of  each  pair  of  drive 
drums  may  be  adjusted  to  match  the  spacing  of  the  vehicle's  wheels, 
and,  if  only  two  wheels  are  to  be  supported,  the  forward  drums  of  each 
pal.:  may  be  uncoupled  from  the  aft  by  disengaging  mechanical  clutches. 

The  vehicle  used  fc,.  the  studies  reported  here  was  a  6  x  6  M-35  truck, 
so  that  all  four  drums  were  required.  In  this  configuration  the  forward 
drums  are  coupled  to  the  aft  by  V-belta ,  and  each  aft  drum  is  driven 
(also  through  V-belts)  by  an  hydraulic  motor. 

Drum  speed  is  set  and  controlled  by  adjusting  centrifugal  switches 
on  t  e  control  console.  These  are  driven  directly  by  flexible  shafts 
from  the  aft  drums,  and  provide  a  "bang-bang"  type  servo  loop.  The  set¬ 
ting  of  the  centrifugal  switches  gives  an  indication  of  nominal  drum 
speed,  and  variation  of  actual  speed  about  this  setting  is  indicated  by 
tachometers  attached  to  each  of  the  aft  drums.  Each  drum  is  fitted  with 
two  diametrically  opposed  profile  plates  with  maximum  heights  of  either 
3/4-in  or  1  1/2-in.  The  dynamic  loads  when  the  vehicle  wheel'-  encounter 
these  bumps  lead  to  variation  in  the  speeds  and  phase  relations  of  the 
fore  and  aft  members  of  each  pair  of  drums,  as  does  normal  belt  slippage. 
Similar  action  leads  to  speed  variation  between  pairs  of  drums  in  addition 
to  that  which  may  be  introduced  intentionally  by  means  of  their  independent 
speed  control  capability. 

MEASUREMENT  OF  ROUGH  ROAD  SIMULATOR  OUTPUTS 

Keaeurement  Program 

The  measurement  program  vaa  deviasd  as  a  sample  of  the  aany  possible 
variations  of  the  operating  conditions  of  the  Rough  Road  Simulator,  and 


included: 


I.  Vehicle  Variations 

a.  Tost  vehicle:  truck,  2  1/2  ton,  6x6  M-35 

b.  Tire  pressure:  highway  (45  psi) 

c.  Load  magnitude:  empty,  one-half  rated  loaa  and 

full  rated  load 

d.  Lore.  configuration:  dead-weight. 

II.  Instrumentation  Variations 

a.  Three  components  of  motion  (longitudinal,  transverse  a  I 
vertical) 

b.  Measurements  at  twelve  locations  within  the  cargo  space 
of  the  truck. 

III.  Machine  Variations 

a.  Drum  speeds  equivalent  to  5-35  m/h,  by  Increments  of  5  m/h. 

The  motions  generated  under  each  combination  of  these  control  parameters 
were  recorded  for  a  period  of  two  minutea . 

The  basic  program  could  be  enlarged  to  include  several  types  of  tee 
vehicle,  a  larger  variety  of  load  configurations,  and  a  aerie*  of  bump 
profile  plates. 

Measurement  instrumentation 

Tha  measurement  locations  ware  selected  with  an  eye  to  the  structure 
the  M-35  truck  serving  as  a  test  vehicle,  and  were  arranged  in  4  rows  aim 
3  columns  (tig.  1).  The  first  row  lav  midway  between  the  front  of  the  tt 
bed  and  Che  forward  rear  axis,  the  second  over  the  forward  rear  axle,  th« 
therd  midway  between  the  rear  axles,  and  the  fourth  midway  between  the  ad 
rear  axle  and  the  tail  gate.  The  first  column  lay  midway  between  the  led 
side  of  the  trucx  bed  and  the  lef t  main  chassis  rail  (and  very  nearly  at 
center  line  of  the  left  dual  rear  wheels),  the  second  along  the  center 
of  the  truck  ted,  and  the  third  over  the  right  mein  chaseis  rail.  These 
locations  were  coded  by  row  number -column  mxober,  rl  to  43.  Figure  1  els 
shows  the  location  of  the  lor.  mounting  fixtures  (shaded).  These  were  be 
to  the  truck  bed  along  each  of  the  min  chassis  rails  centered  midway  bet 
the  rear  axles,  with  the  right  load  fixture  ..overing  measurement  location 
and  33.  Weights  were  attached  along  thete  fixtures  for  th<  half-load  rus 
bringing  the  total  load  in  he  true;  to  2316  j.n .  For  the  full- load  rums, 
steel  pistes  were  bolted  to  the  fixtures  over  the  half-load  weights,  brit 
the  total  load  to  4522  lb.  These  plat*;;  spanned  the  *paca  between  the  It 
flxturts,  and  were  cut  out  purmit  access  to  measu *eaent  location  32  (I 
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The  transducer  package  consisted  of  three  piezoelectric  accelerometers 
mounted  orthogonally  on  an  insulating  block.  This  was  bolted  down  at  each 
measurement  location  so  that  the  sensitive  axes  of  the  accelerometers  were 
aligned  along  the  length  of  the  truck  bed  (longitudinal),  across  its  breadth 
(transverse)  and  vertically.  Since  only  three  accelerometers  of  appropriate 
type  were  available  measurements  were  taker,  for  the  various  locations  sequen¬ 
tially.  After  conditioning,  the  accelerometer  output  signals  were  recorded 
on  magnetic  tape,  together  with  output  signals  from  the  two  drive  drum  tach¬ 
ometer  generators  and  a  reference  (IKKz)  sinusoid.  Each  accelerometer  out¬ 
put  signal  was  recorded  on  two  tape  tracks ,  one  having  twice  the  gain  of  the 
other.  A  block  diagram  of  the  measurement  instrumentation  system  is  shown 
in  Fig.  3,  and  response  parameters  are  listed  in  Table  I. 
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Measurement  Procedure 


Measurement  runs  were  performed  at  each  measurement  location  in 
sequence,  stewing  at  location  11  and  proceeding  through  12,  13,  etc., 
to  conclude  at  43.  This  sequence  was  completed  first  without  a  load 
in  the  truck,  then  with  a  load  of  approximately  half  the  rated  capacity 
of  the  truck,  and  finally  with  approximately  the  full  rated  load  ca¬ 
pacity.  The  procedure  ''1 lowed  for  each  measurement  run  was  to  bolt 
the  transducer  package  place,  adjust  the  Rough  Road  Simulator  drive 
drums  to  an  equivalent  speed  of  5  m/h,  and  start  the  magnetic  tape 
recorder.  After  a  two  minute  period  had  been  recorded,  an  announce¬ 
ment  to  this  effect  was  recorded  on  the  tape  recorder's  voice  track, 
the  Rough  Road  Simulator  speed  adjusted  to  10  m/h,  a  two-minute  sample 
recorded,  and  so  on  in  5  m/h  increments  of  equivalent  truck  speed  up 
to  the  maximum  obtainable,  which  was  35  m/h  for  the  unloaded  truck 
and  34  m/h  with  either  half  or  full  load.  The  master  tapes  thus 
include  the  motions  generated  when  the  equivalent  truck  speed  is 
changing,  and  speed  is  indicated  by  voice  markers  as  well  as  by  drive- 
drum  tachometer  outputs. 

ANALYSIS  OF  ROUGH  ROAD  SIMULATOR  OUTPUTS 
Analysis  Program 

The  resulting  records  were  then  processed  using  an  analog  (single 
channel)  wave  analyzer  system  with  extended  low-frequency  capability, 
and  utilizing  tape-recorder  speed-up  to  achieve  the  required  low  fre¬ 
quency  response  and  to  shorten  the  analysis  time. 

In  spite  of  the  playback  speed  multiplication,  analysis  requires 
considerable  time.  The  recordings  which  were  analyzed  were  selected 
to  provide  a  cross-section  sampling  of  Rough  Road  Simulator  outputs. 

In  the  interests  of  time  conservation,  each  sample  ^as  a  40  second 
interval  taken  from  the  two-minutes-long  record,  and  the  analysis  per¬ 
formed  vas  well  under  the  maximum  capabilities  of  the  analyzer.  An 
analysis  of  the  complete  two  minutes  of  data,  usi.'£  the  full  capabili¬ 
ties  (in  mode  and  range)  of  the  analyzer  system  would  require  some 
50  hours  of  analysis  time  for  each  of  the  several  thousand  records. 

The  initial  analysis  program  thus  consisted  of : 

a.  measurement  of  rms  accelerations  for  each  control  paramater 
combination,  and 

b.  plotting  acceleration  spectral  density  curves  and  accel¬ 
eration  amplitude  distribution  functions  for  several  control 
narometer  combinations. 
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Any  future  expansion  of  this  basic  program  could  includ  analysis 
in  terms  of  Fourier  spectra  and  shock  spectra,  extension  of  th«  frequency 
range  to  the  full  0.05-2500  Hz  obtainable,  and  processing  of  each  accel¬ 
eration  component  at  each  position  at  each  speed,  utilizing  the  full  two 
minutes  of  recorded  data. 

Ideally,  the  measured  waveform  should  be  separated  into  its  shock 
and  vibration  constituents,  each  being  analyzed  separately,  since  shock 
9pectra  are  more  appropriate  for  interpretation  of  the  shock  constituent 
and  spectral  densities  for  interpretation  of  the  vibration  constituent. 
Tiile  the  vibration  constituent  is  associated  primarily  with  the  low 
frequencies  and  the  shock  constituent  with  the  high,  there  is  sufficient 
overlap  to  prevent  their  separation  by  simple  filtration. 

The  distinction  between  "shock-like"  and  "vibration-like"  constitu¬ 
ents  in  this  complex  motion  is  of  necessity  an  arbitrary  one.  One  might 
say  that  a  typical  shock  motion  is  characterized  by  possessing  a  sizeable 
number  of  frequency  components,  an  amplitude  which  builds  up  rapidly  from 
zero  to  some  maximum,  then  decays  more  or  less  rapidly  back  to  zero,  and 
an  overall  duration  which  is  relatively  short:  here  the  terms  "rapidly" 
and  "short"  are  with  respect  to  the  dominant  frequencies  of  the  motion, 
and  imply  that  only  a  few  cycles  or  tens  of  cycles  of  the  dominant  fre¬ 
quencies  elapse.  A  typical  vibration  motion  conversely  is  characterized 
by  one  or  a  relatively  small  number  of  frequency  components,  an  amplitude 
which  does  not  vary  too  greatly  or  too  rapidly,  and  a  duration  which  is 
long  with  respect  to  the  dominant  frequencies  Involved.  A  typical  random 
vibration  motion  combines  some  of  each  of  these  characteristics.  Its 
frequency  components  may  be  many  and  cover  a  wide  range  (or  they  may  not), 
its  amplitude  will  vary  largely  and  sometimes  ratner  rapidly  due  to  the 
occasional  coincidence  of  component  maxima  demanded  by  the  nature  of 
stochastic  processes,  and  its  duration  is  long. 

An  adequate  separation  program  requires  far  more  elaborate  facili¬ 
ties  than  are  available  with  the  present  analysis  system.  Thus  for  the 
data  obtained  here  there  has  been  minimal  attempt  to  differentiate  bet¬ 
ween  shock  and  random  vibration. 

Analysis  Instrumentation 

The  magnetic  tape  recorder  had  a  dual-tape  c  ability  allowing  it 
to  transport  1/2  in.  and  1  in.  wide  tape  simultaneously.  Head  patching 
permitted  the  recorded  signal  to  be  played  back  from  the  1  in.  master 
reel  and  recorded  on  a  1/2  in.  analysis  loop  Little  signal  degradation 
was  incurred,  since  re- ..ecording  was  in  the  predetection  mode  and  time 
correlation  was  assured  by  driving  both  tapes  with  the  same  capstan. 

The  analysis  loop  then  furnished  a  repetitive  signal  to  the  wave  analyzer, 
distribution  function  analyzer  and  voltmeter. 
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The  wave  analyzer  was  an  electronically  swept  heterodyne  type 
having  analysis  filter  bandwidths  of  .5*  2,  10  and  50  Hz,  and  a  square 
law  detector.  The  distribution  function  analyzer  had  a  precision  manual 
control  for  level  selection  and  provided  a  meter  deflection  indicating 
the  percentage  of  time  this  level  was  exceeded  or  not  exceeded  by  the 
input  signal’s  instantaneous  'aiue;  a  plot  of  this  meter  reading  vs  level 
control  setting  is  thus  representative  of  the  amplitude  cumulative  dis¬ 
tribution  function  of  the  input  signal.  The  voltmeter  was  a  true  PMS 
type  with  a  bandwidth  of  2Hz  -  200  KHz.  Figure  4  shows  a  block  diagram 
of  the  analysis  system. 


Analysis  Procedure 

Since  it  was  apparent  that  only  a  sampling  of  records  could  be 
handled  in  a  reasonable  length  of  time,  the  most  informative  sample 
should  be  chosen.  Survey  of  the  literature  and  observation  of  the 
Rough  Road  Simulator  in  operation  indicated  that  the  frequency  range 
of  2-300  Hz  is  likely  to  contain  most  of  the  significant  components 
in  these  records,  and  the  vertical  acceleration  component  is  the 
strongest,  usually  by  a  considerable  margin.  The  speeds  of  5  and  10 
m/h  are  the  most  desirable  speeds  in  terms  of  driver  toleration,  and 
some  speed  will  be  the  most  severe  in  terms  of  rms  aceeleraticn. 

Preliminary  analysis  consisted  of  measuring  the  rms  acceleration 
levels  from  all  of  the  records  obtained.  The  results  of  this  substan¬ 
tiated  the  above  observations  and  pin-pointed  the  most  severe  speed  at 
20  m/h.  Spectral  densities  were  measured  for  the  following  selected 
group  of  records:  in  the  zero  load  condition,  the  vertical  acceler¬ 
ation  components  at  each  measurement  location  for  speeds  of  5,  10  and 
20  m/h,  and  in  addition  the  transverse  and  longitudinal  components  at 
measurement  locations  23,  32  and  41  for  the  same  speeds;  in  the  half¬ 
load  condition,  the  vertical  acceleration  components  at  measurement  lo¬ 
cations  43  and  LL  (left  load  segment)  for  speeds  of  5  and  20  M/h,  and 
in  the  full  load  condition,  vertical  components  at  locations  43  and  L 
(load  plate)  for  speeds  of  5  and  20  m/u.  Amplitude  distributions  were 
also  measured  for  these  records  while  the  spectral  density  analysis 
was  in  progress.  While  sparse,  this  selection  *3  sufficient  to  indicate 
the  variations  ir  spectral  properties  due  to  the  variables  of  geometry, 
orientation,  load  and  speed 

The  time  required  trequency-analyze  a  single  record  was  much 
reduced  by  playing  the  analysis  loop  at  60  i/a,  which  multiplied  the 
frequencies  involved  by  a  factor  of  8  and  shortened  the  duration  of 
the  rec  rd  by  the  same  factor,  since  the  original  recording  was  made 
at  7.5  i/s.  The  higher  frequency  permitted  broader  analysis  filters 
to  be  used  withor"  loss  of  resolution,  and  the  much  faster  scan  rates 
thus  permitted  results  in  a  large  reduction  of  the  total  analysis 
time  even  though  the  scan  range  is  larger  by  a  factor  of  8.  Further 
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reductions  in  analysis  time  resulted  from  switching  to  broader  ana¬ 
lysis  filters  when  the  scan  reached  an  appropriate  frequency,  and 
proceeding  at  a  faster  scan  rate  than  otherwise  permissible. 

Using  the  speeded-up  play-back,  the  wave  analyzer  program  was 
to  scan  from  16-100  Hz  with  the  2  Hz  filter,  100-500  Hz  with  the 
10  Hz  filter,  and  500-2400  Hz  with  the  50  Hz  filter,  yielding  a 
worst-case  resolution  of  12.5%.  Analysis  time  was  further  reduced 
by  analyzing  the  first  40  seconds  of  the  two  minute  record,  providing 
a  worst-case  sampling  error  estimate  of  +25%,  with  80%  confidence. 
Analysis  uncertainty  was  reduced  by  empirically  determining  the  max¬ 
imum  scan  rate  consistent  with  build-up  time  for  each  filter.  The 
final  program  required  2  1/2  hours  for  analysis  of  each  record. 

Since  it  was  not  feasible  to  separate  the  shock  and  vibration 
constituents  of  the  recorded  waveforms,  it  was  essential  to  retain 
the  highest  possible  dynamic  range.  Accordingly,  the  low-gain  tape 
records  were  analyzed,  and  amplifier  gains  eet  to  provide  maximum 
permissible  It... .Is  for  an  input  corresponding  to  the  20  g  maximum 
capacity  of  these  tape  channels.  Careful  balancing  and  other  ad¬ 
justments  permitted  the  noise  level  to  be  reduced  to  34  db  down  from 
the  maximum  level  (with  square  law  detection)  so  that  aignal-to- 
noise  ratio  was  not  unduly  impaired. 

The  spectral  density  plots  consequently  represent  signal  samples 
which  may  contain  some  constituents  of  a  shock  nature.  With  the  volt¬ 
meter  and  distribution  function  meter  it  is  possible  to  recognize  when 
a  probable  shock  transient  appears  end  to  compensate  for  it,  tending 
to  restrict  the  rms  levels  and  distribution  functions  to  the  vibratory 
part  of  the  signal.  This  tendency  for  the  spectral  density  plots  to 
represent  a  different  aspect  of  the  motion  is  much  reduced  by  the 
greatly  longer  effective  averaging  time  of  the  wave  analyzer  as  com¬ 
pared  to  the  other  two  instruments. 

RESULTS 

Acceleration  Levels 


Figure  5  shows  the  variation  of  rms  acceleration  components  with 
equivalent  truck  speed,  averaged  over  all  aeaauramant  locatlcma.  The 
acceleration  components  are  represented  by  the  bars  labelled  L  (longi¬ 
tudinal),  T  (transverse),  and  V  (vertical);  the  additional  bars  label- 
lad  R  (raaultant)  are  the  rms  valuta  of  the  rms  components.  Figure  6 
shows  the  rms  resultant  accelaration  at  aach  measurement  position, 
averaged  over  all  truck  speeds.  The  baaal  plana  in  Fig.  6  represanta 
the  cargo  apaca  of  tha  truck,  and  the  loads  and  measurmnant  locations 
are  shewn  in  approximately  their  actual  positions.  Numbers  at  tha  top 
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of  each  bar  give  the  resultant  acceleration  at  that  position  in  g  rms; 
the  height  of  the  bar  is  proportional  to  this  quantity.  Vertical  Lines 
at  the  ends  of  rows  and  columns  give  average  resultants  for  those  rows 
and  columns . 

Figure  5  indicates  that  the  mo3t  severe  speed  (on  the  average)  ie 
20  m/h,  largely  because  the  truck  becomes  increasingly  airborne  at  the 
higher  speeds.  The  effect  of  increasing  load  is  to  reduce  the  acceler¬ 
ation  levels  induced  and  to  hold  the  truck  down  on  the  machine  until 
somewhat  higher  speeds  are  -eached,  so  that  for  the  full-load  condition 
the  severity  at  25  m/h  is  no  less  than  that  at  20  /h.  It  may  also  be 

seen  that  the  vertical  acceleration  component  is  the  largest  by  a  sub¬ 
stantial  margin. 

Figure  6  shews  the  general  lowering  of  resultant  accelerate  a 
levels  throughout  the  cargo  space  due  to  adding  load.  As  might  be 
expected,  the  accelerations  measured  directly  on  the  load  weights 
are  low,  and  those  at  locations  removed  from  the  neighborhood  of  the 
load  fixture  are  not  much  affected  by  the  presence  of  the  load.  The 
highest  levels  are  generally  found  across  the  fourth  row,  and  the  low¬ 
est  across  the  third, 

Zero  Load  Spectral  Density  Data 

Spectr'l  densities  were  obtained  for  data  measured  at  all  posi¬ 
tions  and  speeds,  for  the  zero  load  condition.  However  only  a  repre¬ 
sentative  sampling  is  included  her®.  Figure  7  presents  the  spectral 
densities  (in  g  /Hz)  of  the  vertical  accelerations  at  each  position 
of  the  truck  cargo  space  at  a  drum  speed  of  5  m/h.  The  spectral  densi¬ 
ties  of  the  vertical  accelerations  have  most  of  the  continuum  concen¬ 
trated  below  20  Hz,  while  the  higher  frequencies  are  represented  by 
a  relatively  few  line  components.  This  pattern  is  typical  for  all  speeds, 
components  and  positions.  One  of  the  more  striking  features  is  the  very 
strong  46  Hz  component  at  location  23,  which  evidently  contributes  much 
to  the  high  rms  levels  of  Figs.  5  and  6.  Interestingly,  this  component 
is  net  apparent  at  Locations  13  or  33,  but  thera  Is  a  fairly  strong  58  H* 
component  at  location  43.  While  the  vicinity  of  60  Hz  is  an  unsettling 
place  to  find  a  strong  component,  it  is  accompanied  by  lesser  components 
at  170  Hz  and  240  Hz,  all  of  which  show  normal  growth  with  increasing 
speed,  and  which  do  not  appear  at  other  locations.  It  is  evidently 
real.  The  data  from  locations  13  and  33,  on  the  otl t  hand,  show  well 
defined  component  bands  in  the  sub-20  Hz  region. 

Recalling  the  placement  of  measurement  locations,  it  might  be 
expected  that  column  3  would  show  the  most  beam-like  behavior  (as 
it  lies  along  the  right  main  chassis  rail),  column  2  to  be  most  like 
a  aet  of  platea ,  and  column  1  somewhere  Intermediate.  By  and  large 
this  seems  to  be  borne  out.  Column  3  appears  most  frequency-selective 
and  most  position-dependent,  column  2  moat  broad-banded  in  frequency 
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and  least  position  dependent,  and  column  1  is  somewhere  in  between. 

At  10  m/h  all  positions  show  some  discrete  band  structures  in 
the  region  below  lu  Hz.  While  the  overall  level  is  higher,  the  high¬ 
er  frequency  components  Increase  more  than  the  low  frequency  continuum, 
tending  to  fill  in  the  spaces  between  the  line  components  and  leading 
to  a  more  continuous  spectrum  in  this  higher-frequency  region. 

At  20  m/h,  the  higher  frequency  components  are  stronger  and  more 
nearly  continuous.  However,  the  low  frequency  region  does  not  reach 
much  higher  levels.  Instead,  the  effect  seems  to  have  become  one  of 
filling  in  the  aoles  between  the  bands  noted  in  Fig.  7.  The  components 
just  above  2  Hz  now  seem  to  be  the  most  important  in  the  sub-20  Kx 
region. 

Figure  8  gives  the  spectra/density  data  for  the  three  acceler¬ 
ation  components  measured  at  location  23  for  speeds  of  5,  10  and 
10  m/h.  The  longitudinal  and  transverse  components  show  the  same 
spectral  growth  and  filling-in  as  previously  remarked  in  the  vertical 
component.  The  strong  46  Hz  component  in  the  vertical  spectrum  is  also 
quite  respectable  in  the  other  directions,  but  the  dominant  160  Hs  com¬ 
ponent  of  the  longitudinal  motion  is  fairly  small  in  the  vertical,  and 
only  slightly  larger  in  the  transverse  direction.  It  may  also  be  noted 
that  the  lowest  frequencies  do  not  dominate  the  sub-20  Hz  region  of  the 
longitudinal  and  transverse  spectra  as  they  do  the  vertical.  The  peaks 
in  this  region  lie  around  5-8  Hz  for  these  directions,  rather  than  the 
frequency  of  2  +  Hz  of  the  vertical.  It  is  possible,  of  course,  that 
additional  perks  lie  below  the  range  of  analysis,  but  it  is  unlikely 
tha;  these  would  greatly  exceed  those  plotted,  as  the  energy  contained 
In  the  plotted  components  accounts  for  the  measured  ras  levels  reason¬ 
ably  well. 

The  component  spectra  at  location  32,  which  lisa  along  tha  center 
of  the  truck's  cargo  space  midway  between  the  axles  and  Is  about  tha 
"softest"  of  the  measurement  position,  show  that  high  frequency  com¬ 
ponents  ere  quite  weak,  and  almost  completely  absent  in  the  transverse 
direction.  A  low  band  cantered  about  48  Hz  In  the  vertical  and  a  280  Hs 
line  observable  in  the  longitudinal  finally  appear  in  the  tranaverse, 
but  a  190  Hz  line  noticeable  in  the  others  does  not  appear.  Only  in  the 
longitudinal  direction  do  the  high  frequency  components  compare  with  the 
strength  of  thoee  in  the  region  below  20  Hz. 

At  location  41,  also,  tha  high  frequency  components  arc  lass  pro¬ 
nounced  than  tha  lw;  the  dominant  high  frequency  lines  being  at  56  Hs 
in  the  vertical  direction  (also  prominent  in  the  longitudinal) ,  140  Hs 
in  the  transverse  (also  visible  in  the  other  two  directions)  end  280  Ht 
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in  the  longitudinal  (also  detectable  in  transverse  and  vertical). 

Again,  the  lowest  frequencies  scanned  seen  more  influential  in  the 
vertical  direction  than  in  the  others,  although  additional  peaks  may 
lurk  undetected  beyond  the  analysis  range. 

One  may  epitcuiize  the  spectral  densities  observed  as  being  com¬ 
posed  of  three  distinct  elements:  (1)  a  low  frequency  sntinuum, 
relating  primarily  to  the  motion  input  to  the  truck,  while  increases 
in  level  and  shifts  to  higher  frequencies  as  speed  Increases:  (2)  a 
low  frequency  line  structure  associated  with  the  truck's  suspension, 
tires,  etc*,  which  is  little  affected  by  change  in  speed;  (3)  a  high 
frequency  line  structure  representing  the  structural  response  of  the 
truck's  cargo  space,  which  is  strongly  incre  sed  in  level  by  increas¬ 
ing  speed. 

Effect  of  Load  on  Spectral  Densities 

Figure  9  shows  the  variation  of  acceleration  spectral  densities 
measured  in  the  region  of  the  load  as  a  result  of  increasing  load  for 
two  speeds.  The  measurement  locations  were  (1)  for  the  full-load 
condition,  the  load  Itself  (the  lowest  acceleration  position),  (2)  for 
the  half-load  condition,  the  left  load  segment  (also  the  lowest  ac¬ 
celeration  position),  and  (3)  for  the  zero  load  condition,  location  22 
(closest  to  the  other  two,  although  not  the  lowest  acceleration  location). 
The  speeds  considered  are  5  m/h  (the  least  severe)  and  20  m/h  (the  most 
severe) . 

From  Fig.  9  it  appears  that  the  reduction  in  acceleration  level 
as  load  Is  increased  is  due  largely  to  suppression  of  the  truck  bed's 
structural  modes.  While  these  vanish,  the  peak  spectral  densities  in 
the  low-frequency  region  associated  with  the  suspension,  etc.,  remain 
essentially  unchanged;  the  energy  in  this  region  becomes  concentrated 
in  fever,  better  defined  modes  and  shifts  to  lower  frequencies.  In¬ 
crease  in  speed,  at  any  given  load,  seems  to  provide  the  same  general 
changes  in  the  spectral  pattern,  namely  to  shift  Che  low-frequency  seg¬ 
ment  to  somewhat  higher  frequencies  and  slightly  increase  its  line  com¬ 
ponents  and  to  strongly  increase  such  high  frequency  segment  as  may  be 
present.  A  particular  effect  of  speed  which  does  vary  with  load  is  the 
behavior  of  that  part  cf  the  spectrum  referred  to  as  the  low  frequency 
continuum,  which  Increases  in  level  when  the  truck  is  .-'t  loaded  but 
does  not  when  it  is 

Amplitude  Distributions 

While  spectral  density  snslyses  were  in  progress,  the  signal 
samples  were  also  fed  into  s  cumulative  distribution  analyser.  Sig¬ 
nals  were  normalised  to  provide  the  same  rms  voltaga  input,  and  an 
attempt  vea  made  to  restrict  the  signals  to  thosa  of  a  vibratory 
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nature.  The  differences  between  curves  due  to  load,  speed,  etc.,  are 
smaller  than  the  uncertainties,  and  the  departure  from  normality  sur¬ 
prisingly  small,  save  for  the  extremities.  This  will  not  be  the  case, 
of  course,  if  the  entire  motion,  involving  snock  transients,  ia  con¬ 
sidered. 

CONCLUDING  DISCUSSION 

The  system  of  components  assembled  for  the  measurement  and  anal¬ 
ysis  of  low  level,  very  low  frequency,  quasi-random  accelerations  has 
been  found  well  suited  to  its  purpose,  and  has  considerably  more  capa¬ 
bility  than  has  been  exploited  by  the  shake-down  reported  here.  It 
may  be  said  that  the  practical  limit  to  the  analysis  procedure  Is  set 
by  the  amount  of  time  feasible  to  spend,  rather  than  by  limitations  of 
the  analyzer  system.  While  some  mechanical  inconveniences  exist  in  the 
operational  procedure,  they  are  slight  and  can  be  removed  by  minor  up¬ 
dating  of  some  system  components. 

It  is  not  practicable  at  this  time  to  relate  the  motions  generated 
by  the  test  vehicle  on  the  Rough  Road  Simulator  with  those  generated  by 
this  type  of  vehicle  on  a  rough  road.  "Rough  Road"  constitutes  an 
elusive  concept,  as  testified  by  the  profusion  of  test  courses  maintain¬ 
ed  at  such  places  as  Aberdeen  ®roving  Ground.  While  some  measurements 
of  the  motions  undergone  by  this  type  of  vehicle  on  various  rest  tracks 
have  been  made,  little  inform* tion  is  available  in  published  form.  In 
view  of  the  random  nature  of  cite  motion,  it  is  not  likely  (nor  is  it 
necessary)  that  the  motion  waveforms  produced  by  a  test  machine  would 
correspond  to  those  produced  by  actual  terrain.  Such  a  correspondence 
would  in  fact  be  more  likely  to  be  a  detriment,  as  the  simulation  would 
then  be  highly  specific,  and  any  test  would  lack  the  universal  applic¬ 
ability  desired  in  an  environmental  test. 

Reference  (6)  provides  some  data  for  motional  parameters  of  this 
type  of  vehicle  travelling  on  test  tracks;  from  the  only  spectral  den¬ 
sity  plot  included  it  appears  that  the  Rough  Road  Simulator  has  only  a 
crude  resemblance  to  the  APG  cross-country  course.  Whether  it  resembles 
one  of  the  other  teat  courses  more  closely  remains  unknown.  What  is 
ultimately  desired  in  a  laboratory  teat  machine  is  to  be  able  to  attach 
a  specimen  item  to  it  in  a  specified  way,  to  operate  the  test  machine  in 
a  specified  way,  and  to  conclude,  if  the  item  survives,  that  one  is  xX 
confident  it  will  survive  transportation  in  any  vehicle  over  any  terrain 
y*  of  the  time.  This  requires  knowledge  of  the  envelope  of  actual  trans¬ 
portation  environments  which  is  not  available,  and  henca  it  is  not  pos¬ 
sible  to  do  so. 
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Fig.  I  -  Schematic  of  truck  cargo  space,  showing  relation¬ 
ship  of  measurement  locations  to  truck  body  structure.  The 
positions  of  the  load  segments  (when  used)  are  shaded. 
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Fig.  2  -  Photograph  of  the  truck  cargo  space  in  the  full  load  configuration,  Th 
total  load  is  4522  lb.  The  transducer  package  is  showr  at  location  L.  Note  cut 
out  to  permit  access  to  location  32. 
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Block  diagram  of  analysis  system 
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tical  components  (R).  A:  zero  load,  B:  half  load,  C:  full  load. 
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(a) 

Fig.  6  -  RK3  resultant  accelerations  at  each  measurement  location,  averaged  for  all 
speeds.  RMS  resultants  are  derived  at>  the  rms  value  of  the  rms  accelerations  found 
in  the  three  oomponent  directions.  The  height  of  the  bar  plotted  at  each  measurement 
location  is  proportional  to  the  average  rms  resultant  acceleration,  whose  value  (in  g) 
is  noted  at  the  top  of  each  bar.  The  average  of  these  values  for  each  row  and  column 
are  shown  by  the  vertical  lines  at  the  ends  of  the  row  and  column  markers.  A:  zero 
load,  B:  half  load,  C:  full  load. 
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Fig.  6  (cont’d)  -  RMS  resultant  accelerations  at  each  measurement  location,  averaged 
fox  all  speeds.  RMS  resultants  are  derived  as  the  rmB  value  of  the  ms  accelerations 
found  in  the  thre-  component  directions.  The  height  of  the  bar  plotted  at  each  mea¬ 
surement  location  is  proportional  to  the  average  rms  resultant  acceleration,  whose 
value  (in  g)  is  noted  at  the  top  of  each  bar.  The  average  of  these  values  for  each  row 
and  column  are  shown  by  the  vert '.cal  lines  at  the  ends  of  the  row  amicc’umn  markers. 
A:  zero  load,  B:  half  load,  C:  foil  load. 
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(C) 

Fig.  6  (cont'd)  -•  RMS  resultant  accelerations  at  each  measurement  location,  averaged 
for  all  speeds.  RMS  resultants  are  derived  as  the  rms  value  of  the  rms  accelerations 
found  in  the  three  component  directions.  The  height  of  the  bar  plotted  ai  each  mea¬ 
surement  location  is  proportional  to  the  average  rms  resultant  acceleration,  whose 
value  (in  g)  is  noted  at  the  top  of  each  bar.  The  average  cf  these  values  for  each  row 
and  column  are  shown  by  the  vertical  lines  at  the  ends  of  the  row  and  column  markers. 
A:  zero  load,  B:  half  load,  C:  full  load. 
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Fig.  7  -  Vertical  component  s;  ac.ral  densities  at  the  various  measurement  locations 
at  an  equivalent  speed  of  5  m/h  with  zero  load.  Effective  analysis  filter  bandwidth* 
are:  0.25  Hz,  2-12.5  Hz;  1.25  Hz,  12.5  -62.5  Hz,  €.25  Hz,  62.5-300  Hr.  A:  Loc.ll,  B: 
Loc.  12,  C:  Loc.  13,  D:  Loc.  21,  E:  Loe.  22,  F:  Loc.  23,  G:  Loc.  31,  II:  Loc.  32,  I: 
Loc.  33,  J:  Loc.  41  K:  Loc.  42,  L:  Loc.  43. 
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Fig.  7  (cont'd)  -  Vertical  component  spectral  densities  at  the  various  measurement 
locations  at  an  equivalent  speed  of  5  .a/h  with  zero  load.  Effective  analysis  filter 
bandwidths  are:  0.25  Hz.  2-12.5  Hz;  1.25  Hz.  12.5-62.5  Hz;  6.25  Hz,  62.5-300  Hz.  A: 
Lee.  11,  B:  Loc.  12,  C:  Loc.  13,  D:  Loc.  21,  E:  Loc.  22,  F:  Loc.  23,  G:  Loc.  31,  H: 
Lee.  32,  I:  Loc.  33.  J:  Loc.  41,  K:  Loc.  42,  L:  Loc.  43. 
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Fig,  7  (cont'd)  -  Vertical  component  spectral  densities  at  the  various  measures 

K  h  311  equivaJent  s'>eed  of  5  nv>:  with  zero  load.  Effective  analysis  {Hu 

bandw  dths  are:  0  25  Hz.  2-12.5  Hz;  1.25  Hz.  12.5-62.5  Hz.  6.25  Hz,  6*71“ 

Hoc.  11,  B:  Loc.  12,  C:  Lem.  13,  D:  Loc.  21.  E-  Loc  2>  F-  Loc  r •  t  ,P  oi  , 

«"<■  ».  I~.  33.  *  Loc.  41.  K:  Loc.  42,  L:  Loc  43.  ' 


27 


<d) 


Fig,  7  (con;  d)  -  Vertical  component  special  densities  at  the  various  measurement 
ideations  at  an  equivalent  speed  of  5  m/h  with  zero  load.  Effective  analysis  filter 
bandwidths  are:  0.25  Hz,  2-12.5  Hz;  1.25  Hz,  12.5-62.5  Hz;  6.25  Hz,  62.5-300  Hi.  A: 
Loc,  11,  B:  Loe.  12,  C:  Loc.  13,  D:  Loc.  21,  E:  Loc.  22,  F:  Loc.  23,  G:  Loc.  31,  H: 
Loc.  32,  I:  Loc.  33,  J:  Loc.  41,  K:  Loc,  42,  L:  Loc.  '’"L 
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SPECTRAL  DENSITY  (a*  /HZ) 


Fig.  7  (cont’d)  -  Vertical  component  spectral  densities  at  the  various  measurement 
locations  at  an  equivalent  speed  of  5  m/h  with  zero  load.  Effective  analysis  filter 
bandwidths  are;  0.25  Hz,  2-12.5  Hz;  1.25  Hz,  12.5-62.5  Hz;  6.25  Hz,  62.5-300  Hz.  A: 
Loc.  11,  B;  Loc.  12,  C:  Loe.  13,  D:  Loc.  21,  E:  Loc.  22,  F:  Loc.  23,  G:  Loc.  31,  H: 
Loc.  32,  I:  Loc.  33,  J:  Loc,  41,  K:  Loc.  42,  L:  Loc.  43. 
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Fig.  7  (cont’d)  -  Vertical  component  spectral  densities  at  the  various  measurement 
locations  at  an  equivalent  speed  of  5  m/h  with  zero  load.  Effective  analysis  filter 
bandwidths  are:  0.25  Hz,  2-12.5  Hz;  1.25  Hz,  12.5-62.5  Hz;  S.25  Hz,  62.5-300  Hz.  A: 
Loc.  11,  B:  Loc.  12,  C:  Loe.  13,  D:  Loc.  21,  E;  Loc.  22,  F:  Loc.  23,  G:  Loc.  31,  H: 
loc.  32,  I:  Loc.  33,  J:  Loc.  41,  K:  Loc.  42,  L:  Loc.  43. 


(g) 


Fig.  7  (cont’d)  -  Vertical  component  spectral  densities  at  the  various  measurement 
locations  at  an  equivalent  speed  of  5  m/h  with  zero  load.  Effective  analysis  filter 
bandwidths  are:  0.25  Hz,  2-12.5  Hz;  1.25  Hz,  12.5-62.5  Hz;  6.25  Hz,  62.5-300  Hz.  A: 
Loc.  11,  B:  Loc,  12,  C:  Lo".  13,  D:  Loc.  21,  E:  Loc.  22,  F:  Loc.  23,  G:  Loc.  31,  H: 
Loc.  32,  I:  Loc.  33,  J:  Loc.  41,  K:  Loc.  42,  L:  Loc.  43. 
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Fig.  7  (cont?d)  -  Vertical  component  spectral  densities  at  the  various  measurement 
locations  at  an  equivalent  speed  of  5  m/h  with  zero  load.  Effective  analysis  filter 
bandwidths  are:  0.25  Hz,  2-12.5  Hz;  1.25  Hz,  12.5-62.5  Hz;  6.25  Hz,  C2.5-300  Hz. 
Loc.  11,  B:  Loc.  12,  C:  Loc.  13,  D:  Loc.  21,  E:  Loc.  22,  F:  Loc.  23,  G:  Loc.  31,  H: 
Loc.  32,  I:  33,  J:  Loc.  41,  K:  Loc.  42,  L:  Loc.  43. 
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Fig.  7  (cont’d)  -  Vertical  component  spectral  densities  at  the  various  measurement 
locations  at  an  equivalent  speed  of  5  m/h  with  zero  load.  Effective  analysis  filter 
bandwidths  are:  0.25  Hz,  2-12.5  Hz;  1.25  Hz,  12.5-62.5  Hz;  6.25  Hz,  62.3-300  Hz.  A: 
Loc.  11,  B:  Loc.  12,  C:  Loc,  13,  D:  Loc.  21,  E:  Loc.  22,  F:  Loc.  23,  G:  Loc.  31,  H: 
Loc.  32,  I:  Loc.  33,  J:  Loc.  41,  K:  Loc.  42,  L:  I*>c.  43. 
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Fig.  7  (cont’d)  -  Vertical  component  spectral  densities  at  the  various  measurement 
locations  at  an  equivalent  speed  of  5  m/h  with  zero  load.  Effective  analysis  filter 
bandwidths  are:  0.25  Hz,  2-12.5  Hz;  1.25  Hz,  12.5-62.5  Hz;  6.25  Hz,  62.5-300  Hz.  A: 
Loc.  11,  B:  Loc.  12,  C:  Loc,  13,  D:  Loc.  21,  E:  Loc.  22,  F:  Loc.  23,  G:  Loc.  31,  H: 
Loc.  32,  I:  Loc.  33,  J:  Loc.  41,  K:  Loc.  42,  L:  Loc.  43. 
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Fig.  8  -  Spectral  densities  of  component  accelerations  at  location  23  for  speeds  of  5« 
10  and  20  m/h  with  zero  load.  Effective  analysis  filter  bandwidths  are:  0.25  Hz.  2-12 
.5  Hz;  1.25  Hz,  12.5-62.5  Hz;  6.25  Hz,  62.5-300  Hz.  A:  Longitudinal,  5  m/h;  B:  Trans¬ 
verse,  5  m/h;  C:  Vertical,  5  m/h;  D:  I/ongitudinal ,  10  m/h;  E:  Transverse,  10  m/h; 
F:  Vertical,  10  m/h;  G:  Longitudinal,  20  m/h;  H:  Transverse,  20  m/h;  I:  Vertical,  20 
m/h. 
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Fig.  8  (cont'd)  -  Spectral  densities  of  component  accelercions  at  location  23  for  speeds 
of  5,  10  and  20  m/h  with  zero  ioad.  Effective  analysis  filter  bandwidths  are:  0.25  Hz,  2- 
12.5  Hr.;  1.25  Hz,  12.5-62.5  Hz;  6.25  Hz,  62.5-300  Hz.  Longitudinal,  5  m/h.B:  Trans¬ 
verse,  5  m/1);  C;  Vertical,  5  m/h;  D:  Longitudinal,  10  m/h;  E:  Transverse,  10  m/h:  F: 
Vertical,  10  mA;  (!;  longitudinal,  20  m/h;  H:  Transverse,  20  m/h;  I:  Vertical,  20  m/h. 
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Fig.  8  (cont’d)  -  Spectral  densities  of  component  accelerations  at  location  23  for  speeds 
of  5,  10  and  20  m/h  with  zero  load.  Elective  analysis  filter  bandwidths  are:  0.25  Hz,  2- 
12. £  Hz;  1.25  Hz.  12.3-62.5  Hz;  6.25  Hz,  62.5-300  Hz.M:  Longitudinal.  5  m/h;  H-.Tkans- 
ver?e,  5  m/h;  C:  Vertical,  5  m/h;  D:  Longitudinal,  10  m/h:  E:  Trrnsverse.  10  m/h:  F: 
Vertical,  10  m/h:  G:  Longitudinal.  20  m/h;  H:  Transverse,  20  m/h;  I:  Vertical.  20  m/h. 


Fig.  8  (coat’d)  -  Spectral  densities  of  component  accelerations  at  location  23  for  speed*? 
of  5,  10  and  20  m/h  with  zero  load.  Effective  analysis  filter  bandwidth, s  are:  0.25  Hz,  2- 
12.5  riz;  1.25  Hz,  12,5-62.5  Hz;  8.2*  ITz,  62.5-300  Hz.  A:  Longitudinal, 5  m/h-  B:  Trans¬ 
verse,  C  m/h;  C:  Vertical,  5  m/h;  Longitudinal,  10  m/h;  E:  Transverse,  10  m/h:  F: 
Vertical,  10  m/h;  G:  Longitudinal,  20  m/h;  H:  Transverse,  20  m/h;  I:  Vertical,  20  m/h. 
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Fig,  8  (cont’d)  -  Spectral  densities  of  component  accelerations  at  location  23  for  speeds 
of  5,  10  and  20  m/h  with  zero  load.  Effective  analysis  filter  bandwidths  are:  0.25  Hz,  2- 
12.5  Hz;  1.25  Hz,  12.5-62.5  Hz;  6.25  Hz,  62.5-300  Hz.  A:  LongitudinJ.,  5/in  A;  B:  Trans¬ 
verse,  5  m/h;  C:  Vertical,  5  m/h;  D:  Longitudinal,  10  m/h;  E:  Transverse,  ’0  m/h,  F: 
Vertical,  10  m/h;  G:  Longitudinal,  20  m/h;  H:  Transverse,  20  m/h;  I:  Vertical,  20  m/h. 
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Fig.  8  (cont’d)  -  Spectral  densities  of  component  accelerations  at  location  23  for  speeds 
of  5,  10  and  20  m/h  with  zero  lo„d.  Effective  analysis  filter  bandwidths  are:  0.25  Hz,  2- 
12.5  Hz;  1.25  Hz,  12.5-62.5  Hz;  6.25  Hz,  62.5-300  Hz.  A:  Longitudinal,  5  m/h;  B:  Trans¬ 
verse,  5  m/h;  C:  Vertical,  5  m/h;  D:  longitudinal,  10  m/h;  E:  Transverse,  10  m/h,  F: 
Vertical,  10  m/h;  G:  Longitudinal,  20  m/b;  H:  Transverse,  20  m/h;  1:  Vertical,  20 m/h. 
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Fig.  8  (cont'd)  -  Spectral  densities  of  component  accelerations  at  location  23  for  speeds 
of  5,  10  and  20  m/h  with  zero  load.  Effective  analysis  filter  bjmdwidths  are:  0.25  Hz,  2- 
12.5  Hz;  L25  Hz,  12.5-62.5  Hz;  6.25  Hz,  62.5-300  Hz.  A:  Longitudinal,  5  m/h;  B:  Trans¬ 
verse,  5  m/h;  C:  Vertical,  5  m/h;  D:  LorgitudinaJ  ,  10  m/h;  E:  Transverse,  10  m/h,  F: 
Vertical,  10  m/h;  G:  Longitudinal,  20  m/h;  H:  Transverse,  20  m/h;  I:  Vertical,  20  m/h. 
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Fig.  8  (cont’d)  -  Spectral  densities  of  component  accelerations  at  location  23  for  speeds 
of  5,  10  and  20  m/h  with  zero  load.  Effective  analysis  filter  bandwidths  are:  0.25  Hz,  2- 
12.5  Hz;  1.25  Hz,  12.5-62.5  Hz;  6.25  Hz,  62.5-30 0  Hz.  A:  Longitudinal,  5  m/h;  B:  Trans¬ 
verse,  5  m/h,  C:  Vertical,  5  m/h;  D:  Longitudinal,  10  m/h;  E:  Transverse,  10  m/h,  F: 
Vertical,  10  m/h;  G:  Longitudinal,  20  m/h;  H:  Transverse,  20  m/h;  I:  Vertical,  20  m/h. 
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Fig.  8  (cont'd)  ■■  Spectral  densities  of  component  accelerations  at  location  23  for  speeds 
of  5,  10  and  20  m/h  with  zero  load.  Effective  analysis  filter  bandwidths  are:  0.25  Hz,  2- 
12.5  Hz;  1.25  Hz,  12.5-62.5  Hz;  6.25  Hz,  62.5-300  Hz.  A:  Longitudinal,  5  m/h;  B:  Trans¬ 
verse,  5  m/h;  C:  Vertical,  5  m/h;  D:  Longitudinal,  10  m/h;  E:  Transverse,  10  m/h,  F: 
Vertical,  10  m/h;  G:  Longitudinal,  20  m/h;  H:  Transverse,  20  m/h;  I:  Vertical,  20  m/h. 
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Fig.  9  (cont’d)  -  Vertical  component  spectral  densities  in  the  vicinity  of  the  load  at 
speeds  of  5  and  20  m/h  with  zero  load,  half  load  ai.d  full  load.  Effective  analysis  fil¬ 
ter  bandwidths  are:  0.25  Hz.  2-12.c  Hz:  1.25  Hz,  12.5-S2.5  Hz;  6.25  Hz,  62.5-300  Hz.  A: 
Loc.  22,  zero  load,  5  m/h;  S:  Loc.  LL,  half  load,  5  m/h;  C:  Loc.  L,  full  load,  5  m/h;  D: 
L<}gL22,^ero  load,  20  m/h;  E:  Loc.  LL,  half  load,  20  m/h;  F:  Loc.  L,  full  load,  20  m/h. 
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Fig.  9  (cont’d)  -  Vertical  components  spectra!  densities  in  the  vicinity  of  the  load  ai 
speeds  o*  5  and  20  m/h  with  zero  load,  ha1'  load  and  full  load.  Effective  analys  is  fil¬ 
ter  bandwidth *  are:  0.2&  Hz,  2-12.5  Hz;  1.26  Hz,  12.5-62.5  Hz;  6.25  Hz,  62.5-300  Hz.  A 
Loc.  22,  zero  load,  5  m/h;  B:  Loc.  LL.  half  I  ad,  5  m/h;  C:  loc.  L,  full  load,  5  m/h;  D 
Loc.  22,  zero  load,  20  m/h;  E:  Loc.  LL,  half  load,  20  m/h;  F:  Loc.  L,  full  load,  20  m/h 
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Fig.  9  (coni’d)  -  Vertical  components  spectTal  densities  in  the  vicinity  of  the  load  at 
speeds  of  5  and  20  m/h  with  zero  load,  half  load  and  full  load.  Effective  analysis  fil¬ 
ter  bandwtdths  are:  0.25  Ha,  2-12.5  Hz;  1.25  Hz,  12.5-62.5  Hz;  6.25  Hz,  62.5-300  Hz.  A: 
Loc.  22,  zero  load,  5  m/h;  B:  Loc.  LL,  half  load,  5  m/h;  C:  Loc.  L,  full  load,  5  m/h;  O: 
Loc.  22,  zero  load,  20  mA;  E:  Lee.  LL,  half  load,  20  m/h;  F:  Loc.  L,  full  load,  20  mA. 
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Fig.  9  (oont’d)  -  Vertical  components  spectral  densities  in  the  vicinity  of  the  load  at 
speeds  of  5  and  20  m/h  with  zero  load,  half  load  and  full  load.  Effective  analysis  fil¬ 
ter  bandwidths  are:  0.25  Hz,  2-12.5  Hz;  1.25  Hz,  12.5-62.5  Hz;  6.25  Hz,  62.5-300  Hz.  A: 
Loo.  22.  zero  load,  5  m/ft;  B:  Loc.  LL.  half  load,  5  m/h;  C:  Loc.  L,  full  load,  *  m/h;  D: 
Loc.  22,  zero  load,  20  m/h;  E:  Loc.  LL,  half  load,  20  m/h;  F:  Loc.  L,  full  load,  20  m/h. 
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motions  of  the  vehicle  and  its  suspension  system  and  the  elastic  motions  of  the  vehicle’s 
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The  measurement  and  the  analysis  instrumentation  system  for  such  motions  must  extend 
the  capability  of  a  random  vibration  instrumentation  system  to  very  low  frequencies,  and  in 
addition  possess  a  high  dynamic  range  capability,  since  collisions  between  adjacent  structural 
components  of  the  vehicle  may  produce  local  motions  of  a  shock-like  nature.  A  suitable  in¬ 
strumentation  system  has  been  assembled,  and  has  provided  a  representative  description  of 
the  output  motions  generated  by  the  Rough  Road  Simulator  and  the  influence  of  them  of  vari¬ 
ations  in  some  of  the  test  conditions. 

The  output  motions  studied  were  those  produced  with  a  Type  M35  6x6  truck  as  the 
tethered  vehicle.  Acceleration  waveforms  were  recorded  at  various  points  of  the  truck’s 
cargo  space  for  several  equivalent  truck  speeds,  and  with  dead -weight  loads  approximating 
its  full  rated  capacity  (5,000  lb),  half  of  rated  capacity,  and  without  load.  Data  are  presented  in  - 
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